Replication of co-injected supercoiled DNA molecules in fertilized Xenopus eggs was monitored through the blastula stage of development. The extent of replication, as measured by ^P-aTMP Incorporation Into form I DNA, was directly proportional to the number of molecules, rather than the size, of the plasmid injected. Although only a small fraction of molecules of either template was replicated, incorporation was predominantly into full length daughter molecules.
INTRODUCTION
Early embryos of the frog, Xenopus laevis, are advantageous for the study of DNA replication by microinjection of defined DNA templates. Most of the components necessary for DNA replication have been stockpiled during oogenesis (1, 2) . Following fertilization the embryo undergoes a series of very rapid cell divisions. By nine hours post-fertilization the embryo consists of approximately 20,000 cells and has synthesized 130 ng of DNA (3,4, reviewed in 5) . It is, therefore, possible to study the fate and replication of microinjected DNA over many cell cycles in just a few hours.
Two laboratories (6, 7) have recently examined the replication of plasmid DNA microinjected into early embryos of Xenopus laevis. Using different assays for replication, similar conclusions were independently reached. Although specific sequences were not absolutely required for replication of exogenously added DNA, the conformation and size of the DNA had striking effects on the efficiency of replication from fertilization through the blastula stage of development. The most efficient replication of plasmid DNA microinjected into early Xenopus embryos occured when the template was assembled into high molecular weight concatemers. These concatemers, apparently mostly extrachromosomal, were rapidly formed ©IRLPress when linear DNA was injected. The long linear concatemers were significantly amplified during earty embryogenesis (at least 10-25 fold) irrespective of sequence. Circular molecules of the same plasmld, however, were not replicated efficiently. Although incorporation of radiolabeled precursors into form I and form II DNA was detected, plasmid copy numbers usually did not appreciably Increase during this period of embryogenesis. Only a small fraction of circular molecules, on the order of a few percent, underwent two rounds of replication (6, 7) . This phenomenon occured over a wide concentration range of mlcrolnjected circular DNA (50 pg -5 ng per embryo).
In addition to the above mentioned studies In Xenopus embryos, several laboratories have also studied the replication of circular DNA molecules mlcrolnjected into unfertilized Xenopus eggs (8) (9) (10) (11) (12) (13) (14) . All laboratories agree that specific sequences were not absolutely required for the replication of exogenously added plasmid DNA. There are, however, conflicting interpretations as to whether certain sequences, when Inserted Into plasmid DNA molecules, increase the efficiency of replication of these plasmids (10, 11, 12) or whether differences in the efficiency of replication can be attributed solely to differences in size of the plasmid (9, 14) . Mechali and Kearsey (9) have presented evidence that the level of incorporation, as measured by total acid precipitable counts, was directly proportional to the size of the template between 5 and 11 kb.
The observations that linear concatemers are replicated more efficiently than monomeric circular molecules in early embryos and that circular DNA molecules are replicated in proportion to size in unfertilized eggs are most easily explained if the limiting event in replication is the number of initiation events per kilobase (kb) of DNA. If initiations occur at multiple sites and the average replicon length is significantly larger than the size of the plasmid, only a fraction of circular plasmids might be expected to replicate. The extent of incorporation would be limited by the length (kb) of the plasmid and, therefore, would be directly proportional to size. In addition, one initiation event on a concatemeric molecule would presumably result in the synthesis of multiple copies of the input plasmid. If the concatenated species of DNA were very large the apparent preference for the replication of linear concatemers would be explained. Although no published data exists on replicon lengths in Xenopus embryos, It has been reported (15) that chromosomal DNA from blastulae Is organized in looped domains averaging 60 kb in length. These domains, looping out from nuclear matrix attachment sites, may be related to replicon size. Callan (16) reported that replicons in Xenopus somatic cells ranged from 60 -300 kb with an average of 180 kb.
To test this "initlation/kb" model in earty Xenopus embryos, we have conducted experiments in which we co-injected two or more supercoiled plasmid DNAs of different sizes and measured the efficiency of incorporation of ^P-dTMP into each form I supercoiled DNA product. To our surprise, the data suggest that the extent of replication of supercoiled molecules depends on the number of molecules injected , rather than the size of the DNA template. In co-injection experiments involving equal masses of DNA, greater incorporation was observed in smaller form I DNA molecules which were present in molar excess. The relative levels of incorporation into form I DNA could be shifted by simply altering the molar ratio of the input plasmids.
' MATERIALS AND METHODS

Plasmids
The DNA templates used in this study are described in Table I . Plasmids pXY65 and pJCC31 were generous gifts from J.H. Taylor. Plasmids psAC-1 and pXlm32 were donated by Larry Etkin; plasmid p88.5 was a gift from Victor Corces. Plasmids ' were used to transform E. Coll HB101 (dam*) cells (23) and the purification of circular plasmid DNA was done essentially as described (10) . Plasmid DNA purified by this method was typically > 95% form I and form II DNA molecules when analyzed by electron microscopy and was free of pre-existing primers that could direct synthesis by the large fragment of E. Coll DNA potymerase I (24). 0X174 RF I DNA was purchased from New England Biolabs. Mlcroin|ectlon. Nucleic Acid Extraction and Restriction Enzyme Digestion Embryo collection and microinjectlon were done as described previously (6) with the following modifications. 5% De Boer's solution was substituted with MMR (0.1 M NaCI, 2 mM KCI, 1 mM MgSO 4 , 2 mM CaCI 2 , 5 mM HEPES (pH 7.8), 0.1 mM EDTA; ref. 25) . Injection mixes always contained at least 2 different plasmids as well as 0.1 /iCI ^P-dTTP (NEN/DuPont, 3000 Ci/mmol) per embryo. The amounts of DNA microlnjected Into each embryo ranged from 0.1 -5.0 ng (total DNA) depending upon the experiment (see figure legends).
At various times following microinjection (up to gastrulation, a period of approximately 9 hours), four to eight pooled embryos per time point were homogenized and nucleic acids were extracted as previously described (6) . Recovered DNA was analyzed either undigested or digested with Sal I in the presence or absence of Dpn I (New England Biolabs) using conditions suggested by the manufacturer; co-digestions were performed in Dpn I reaction buffer. Aqarose Gel Electrophoresis and Liquid Scintillation Counting One to six embryo equivalents (see figure legends) of extracted DNA were electrophoresed through 0.8-1.2% agarose gels (depending upon the experiment) (22) using Tris-phosphate-EDTA buffer (23) . Gel conditions were chosen to ensure that form I DNA molecules were separated from each other as well as from form II and endogenous DNA. The gels were dried onto Whatman 3MM paper and exposed to Kodak XAR-5 X-ray film with an Intensifying screen at -70°C to visualize the extent of P-dTMP incorporation into form I DNA. The extent of labeling of microlnjected DNA was quantitated by slicing sample lanes in the dried gels into 2 mm slices from the lane well to the gel bottom. The slices were added to Liquifluor cocktail (NEN/DuPont) and counted for 5 minutes by liquid scintillation in a Rackbeta 1218 LSC (LKB). Quantitating the Molar Ratios of Supercoiled DNA Molecules Recovered from CoInjected Embryos
In some experiments, the molar ratios of the two input supercoiled plasmids were varied in the injection mix to determine the effect on the extent of replication of each Individual plasmid. Injection mixes were prepared from calculations based on DNA concentrations (determined by A^ and the molecular size of each plasmid. The actual ratios were subsequently quantitated in recovered DNA In the following manner. At the time point where the extent of incorporation was the greatest, one embryo equivalent of extracted DNA was diluted 1:2 in 6 serial dilutions and these were electrophoretically separated as above.
DNA was transferred onto nitrocellulose (26) following treatment of the gel with 0.25 M HCI for 10 minutes to facilitate transfer of supercoiled DNA molecules. Control lanes of purified plasmid were used to determine the efficiency of transfer.
The filters were then hybridized to pBR322 DNA (all plasmids were pBR322 or its derivatives) labeled by primer extension with digoxigenin-labeled dUTP. Detection of hybridized probe was achieved using an enzyme immunoassay system (Boehringer Mannheim) exactly as described by the manufacturer. Following detection, the filters were photographed and gel negatives were scanned using an LKB 2202 UltroScan laser densrtometer. Both form I DNA peaks in each lane were digitized and integrated using a Hewlett-Packard 9874A digitizer and an HP-85 computer. In those lanes where the hybridization signal was in the linear response range, the ratio of the two form I peak areas was taken to be the molecular ratio of the two supercoiled plasmid populations since each molecule, regardless of size, contained 4.4 kb of pBR322 DNA. It should be noted that these gels were run under conditions such that both populations of form I DNA were separated from all other species of DNA in the sample. Also, since the form I DNA bands were sometimes not completely homogeneous across the lane, 3 scans were performed down each gel lane: two scans 25% of the lane width in from each side and one scan down the middle of the lane.
RESULTS
Co-injection of Equal Masses of Circular DNA Molecules
A typical result from a co-injection experiment involving equal masses of two plasmids is shown in Fig. 1 . 1 ng each of pBR322 and psAC-1 was microinjected into embryos along with ^P-dTTP. Incorporation into plasmid and high molecular weight DNA at the indicated times following microinjection is shown. Incorporation into supercoiled (form I) pBR322 appeared greater than into form I psAC-1 DNA during the 4 hours following microinjection.
Quantitatlon of the cumulative incorporation into form I pBR322 and psAC-1 DNA (described in Materials and Methods) for this experiment is shown in Rg. 2A. Figs. 2B-F show incorporation profiles for 5 additional co-injection experiments measuring the synthesis in vivo of supercoiled DNA corresponding to each of two co-injected plasmids. In every case where equal masses of two different circular plasmid DNAs were injected, incorporation into the smaller form I DNA species, which was present in molar excess, was greater. It should be noted that replication of form I DNA must be was microlnjected into each embryo as described in Materials and Methods. Nucleic acids were isolated at the times Indicated and one embryonic equivalent of DNA was electrophoresed through 1.2% agarose. The gel was dried and autoradlographed. The position of marker form I and form fl DNA molecules is indicated.
HMW (High Molecular Weight) indicates the position to which endogenous chromosomal DNA migrates. monitored by incorporation rather than hybridization since only a small fraction of circular molecules undergo replication and plasmid copy numbers do not appreciably change (6,7).
We have obtained results similar to those shown in Figs. 1 and 2 in every coInjection experiment performed (a total of 19) Including triple-template injection experiments Involving three plasmids of 4.4, 6.0 and 9.4 kb. Greater incorporation in smaller form I DNA molecules was also observed using double-stranded 0X174 coinjected with the larger pBR322-based recombinant plasmids. In addition, the observation that incorporation was greater into the population of smaller supercoiled molecules present in molar excess seems to be true over at least a 20-fold It has been previously demonstrated (6) that incorporation into form I DNA during early embryogenesis usually Increases for 3 -5 hours following injection. Little, if any, subsequent incorporation is observed up to at least 9 hours (stage 9-10 embryos comprised of approximately 20,000 cells). Variations between batches of embryos were observed (6,7) both with regard to the amount of label incorporated (differing by up to a factor of 5-fold) and in the kinetics of labeling. Dips in the amount of label incorporated such as those seen in Figs. 2C and E are not uncommon. They probably reflect interconversion between supercoiled and relaxed circular forms rather than degradation of newly synthesized DNA (6). It is not surprising, therefore, that the shapes of these graphs vary. In all cases, however, the extents of incorporation (cpm incorporated/ng DNA injected) are similar from experiment to experiment (see Fig. 2 ). We believe the Incorporation is true semiconservative replicative synthesis since i) similar incorporation in DNA microinjected into unfertilized eggs was shown to be replicative synthesis by banding BrdUsubstituted DNA on equilibrium density gradients (8, 27, 28) and ii) most of the incorporation was resistant to cleavage by Dpn I (see Fig. 4 ). These data indicate that, when equal masses of two or more supercoiled DNA molecules are injected, the amount of form I DNA synthesized does not appear to be proportional to the size of the input plasmid.
The Relative Extent of Incorporation in Co-injected Plasmids is a Function of Molar Ratio
Since smaller supercoiled molecules present in molar excess were more extensively replicated, we asked whether one could shift the ratio of incorporation into the two supercoiled plasmids by altering their molar ratio in the injection mix Two such experiments are shown in Fig. 3 . In Fig. 3A -C, three separate injection experiments were performed using the same two plasmids (pBR322 and pXY65) and the same batch of embryos. Fig. 3A represents an experiment similar to those shown in Figs. 1 and 2 . The molar ratio of supercoiled DNA molecules recovered from embryos was measured (as described in Materials and Methods) to be 0.55:1.00 (pXY65:pBR322) or 1 molecule of supercoiled pXY65 for every 1.82 molecules of supercoiled pBR322. The expected ratio was 0.58:1.00 based on size and masses of DNA present in the Injection mix (see figure legend) . This experiment demonstrates again that when injected in equal mass, incorporation Into supercoiled pBR322 is greater than that Into a larger molecule (pXY65). In Rg. 3B, the injection mix contained a greater mass of pXY65 DNA but still fewer supercoiled molecules as determined in recovered DNA. The molar ratio of recovered supercoiled DNA molecules was measured to be 0.73:1.00 (pXY65:pBR322). The expected ratio was 0.77:1.00. The incorporation into supercoiled pXY65 DNA was enhanced and closely paralleled that of form I pBR322 DNA. Furthermore, in Fig. 3C , where both supercoiied DNA populations were present in equimolar amounts, incorporation was further enhanced in pXY65 form I DNA such that the in vivo synthesis of pXY65 was greater than that of pBR322 form I DNA. The greater extent of incorporation is likely due to the larger size of the supercoiied molecule since an initiation event should result in more synthesis on a larger circular molecule. From the amounts of DNA microlnjected, the expected molar ratio of supercoiled DNA molecules was 1.07:1.00 (pXY65:pBR322). Fig. 3D and E are similar experiments to those above using, instead, plasmids pBR322 and psAC-1. In Fig. 3D , both plasmids were injected in equal mass, similar to the experiment shown in Fig. 3A . Incorporation is again greater into the smaller form I DNA. The expected molar ratio of form I DNA molecules was 0.48:1.00 (psAC-1:pBR322) based on the amount of DNA injected (see figure legend) . The actual ratio (determined In recovered DNA) was 0.46:1.00. In Fig. 3E , both populations of supercoiled template were present in equimolar amounts [actual ratio = 0.95:1.00 (psAC-1:pBR322)]. Based on the amount of DNA microinjected, the expected ratio was 1.02:1.00. As in Fig. 3C above, the greater extent of incorporation Into form I psAC-1 Is probably due to the larger size of the plasmid. In these experiments, we believe that the molar ratios in recovered DNA are sufficiently dose to the expected values in the injection mix to argue against preferential recovery of smaller form I DNA molecules or a greater fraction of smaller molecules appearing as form I DNA.
We have obtained results similar to those shown In Fig. 3 with several combinations of plasmids and over a wide range of molecular ratios. For example, in an experiment where supercoiled pXlm32 (21.7 kb) was present at a 5-fold molar excess over pBR322 (4.4 kb), approximately 25-fold more incorporation was observed in form I pXlm32 DNA at 7 hours following injection.
It Is important to note that the extent of synthesis of supercoiled pBR322 did not change significantly between experiments In Figs. 3A-C. In Fig. 3A , the amount of pBR322 form I DNA is equal to that of pXY65 (750 pg) yet, in Fig. 3C , is nearly twofold less (750 pg vs. 1.4 ng pXY65 DNA). Likewise, in Figs. 3D and E, the level of incorporation into supercoiled pBR322 did not appreciably change as the amount of psAC-1 co-injected was doubled. This suggests that, at these concentrations of injected DNA, the degree of replication of supercoiled pBR322 DNA is Independent of the concentration of a second, co-Injected plasmid. It, therefore, appears that the extent of replication of circular DNA molecules is dependent upon the number of molecules injected. Furthermore, in co-injection experiments, the relative levels of synthesis from circular templates can be shifted simply by shifting the molar ratios of the input plasmids. Most Incorporation Is into Full-length Daughter Molecules of Plasmid DNA
The incorporation of ^P-dTMP into supercoiled DNA is probably semiconservative replicatJve synthesis and not repair or gap filling. In the experiment depicted In Fig. 4 , labeled plasmid DNA Isolated from microinjected embryos was tested for resistance to cleavage by the enzyme Dpn I. Dpn I cleaves its recognition sequence (5'-GATC-3') only when the adenine residues on both DNA strands are methylated. These sites are methylated in plasmid DNA purified from dam + bacteria.
If these plasmids then undergo at least one round of replication within the embryo the Dpn I sites will become hemi-methylated (or fully unmethylated) and, therefore, resistant to cleavage by Dpn I. Plasmid pBR322 contains 22 Dpn I sites with the largest digestion product equalling 1.3 kb. It is, therefore, easy to distinguish fully replicated (Dpn l-resistant) products from unreplicated (Dpn l-sensitive) molecules.
In this experiment, one embryonic equivalent of DNA from the experiment depicted in Fig. 3C was either digested with the enzyme Sal I or doubly digested with Sal I and Dpn I. Sal I linearizes all forms of input pXY65 and pBR322 DNA, yet only cleaves < 5% of embryonic genomic DNA (due to Inhibition by cytoslne methylation, ref. 29) , thereby minimizing Interference from labeled cellular DNA. The reaction products are shown in the gel in Fig. 4A . In the samples digested with Dpn I, 2 /tg of pBR322 were included to monitor, by ethkJium bromide staining, complete digestion by Dpn I. Although the number of Dpn I sites present in pXY65 is not known, the largest fragment obtained upon digestion, like pBR322, is 1.3 kb (position of arrow in Fig. 4A ). The majority of incorporation in the later time points appeared to be completely Dpn I resistant indicating the replication of full-length daughter molecules.
Quantitation of the label present in linearized plasmid DNA is shown in Fig. 4B . The incorporation profiles show similar kinetics for total linear and Dpn l-reslstant DNA. At 5 or 7 hours post-injection 75 -80% of the radiolabeled plasmid DNA was fully resistant to cleavage by Dpn I Indicating fully replicated daughter molecules. The remainder of the label may be in replicative intermediates since It appears in discrete fragments significantly larger than 1.3 kb (Fig. 4A ).
Comparing Fig. 4B with Fig. 3C , we see that at each time point the extent of incorporation was greater into Sal I linearized DNA than form I DNA. Most of this extra Incorporation (20 -30% of the total cpm's present in linear DNA) is likely accounted for by the label present in form II DNA molecules. Although we cannot completely rule out extensive repair of one strand of the circular template, we conclude that most of the incorporation into plasmid DNA measured in these experiments is probably genuine replication of full-length daughter molecules. Since the same differential replication between smaller and larger molecules is observed after Dpn I digestion, we believe it reflects genuine differential replication. number of plasmld molecules introduced, rather than the size of each plasmid. In all co-injection experiments involving equal masses of two or more templates of different size, incorporation was greater into the form I DNA of the smaller molecule present in molar excess ( Figs. 1 and 2) . Furthermore, the extent of replication of pBR322 was shown to be independent of the concentration of a second, co-injected plasmid suggesting that incorporation was proportional only to the number of pBR322 molecules present (Fig. 3) . The relative levels of incorporation could, however, be altered simply by altering the molar ratio of supercoiled molecules in the injection mix. The data presented in Rgs. 3 and 4 Indicate that most incorporation was due to genuine replication of full-length daughter molecules and that differential replication was not due to an artifact of a greater fraction of smaller DNA molecules appearing as form I or preferential recovery of injected plasmlds. We believe that synthesis of supercoiled molecules derived from genuine initiation events since the purified plasmids were free of pre-existing primers (see Methods).
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In addition, differential replication was not likely due to effects of primary DNA sequence since similar results were obtained using double-stranded 0X174 in place of pBR322 in co-injectlon experiments.
We would, therefore, like to consider a mechanism of replication initiation on supercoiled DNA molecules that is based on the number of molecules present ("initiation/molecule") rather than one based on kilobases of DNA present (" initiation/kb"). An "initiatlon/kb" model would predict the same number of initiation events on equal masses of DNA. If two plasmids are present in equal mass, then, the larger molecule should incorporate more label (in proportion to its size) simply because the template can sustain more synthesis following initiation. This would be true even if only a minority of molecules are replicated. This "initiation/kb' hypothesis would explain the observations that replication of circular templates is proportional to size in unfertilized eggs (9) and that concatemeric DNA in early embryos is much more efficiently replicated than monomeric circles (6,7). We do not believe, however, that this hypothesis is true in early embryos with regard to small circular templates. Instead, our data suggest that the replication of injected circular templates is proportional to the number of molecules present rather than their size. The •initiation/molecule" hypothesis suggested by our data for supercoiled DNA molecules presents a paradox. Large, linear concatemers are replicated more efficiently than monomeric circular molecules (6,7) yet must be present in far fewer molecules per embryo. This suggests that the template preferences displayed by early Xenopus embryos may reflect differences between concatenated and monomeric DNA other than size. One possibility is that linear concatemers are replicated efficiently because concatenation may promote subsequent localization within embryonic nudei (30, 31) . Alternatively, there may be structural differences between the templates themselves. Gargiulo et al. (32) have demonstrated that chromatin assembled on circular DNA templates microinjected into Xenopus embryos may differ from chromatin assembled on concatemerlc or endogenous DNA. This altered chromatin structure, exhibiting resistance to deavage by micrococcal nudease, may affect the replication of drcular DNA.
Although only a minority of circular templates replicates in Xenopus eggs (9), embryos ( Fig. 3; refs. 6,7,33 ) and egg extracts (34) , the overall level of DNA synthesis Is directly proportional to the amount of DNA present up to 5-10 ng/egg or egg equivalent. This suggests that the same fraction of drdes are replicated over a wide concentration range. Initiation factors, therefore, do not appear to be limiting. This Is confirmed by the fact that the extent of replication of pBR322 in the experiments shown in Fig. 3 was apparently Independent of the concentration of a co-injected plasmid. Initiation events must, therefore, be limited by the accessibility of circular templates to initiation factors. The fraction of accessible molecules and, therefore, the fraction that replicates, will be a direct function of how many molecules, regardless of size, are present. Circular molecules may be sequestered away from the replication machinery in a number of ways. For example, DNA molecules may Interact with binding factors that render the DNA inaccessible to enzymes. Such DNA would be unable to replicate and might exhibit nudease resistance. Alternatively, drcular DNA molecules may interact with each other (for example, aggregate) in such a way that allows only a fraction of the molecules to be accessible to the replication machinery.
If the extent of replication was directly proportional to the number of molecules present and if initiation is the limiting event, then an obvious prediction (as the data in Fig. 4B suggest) is that equal numbers of molecules (of co-injected plasmids) should support equal numbers of initiations. A second prediction is that, given equal masses of DNA, the number of initiation events on each population of supercoiled molecules (of different size) should be different yet the extents of incorporation should be the same. Our data (Figs. 2 and 3A and D) do not support this, however, but rather suggest preferential replication of smaller molecules.
These data could be explained not only if replication was dependent on the number of molecules present, but also if there was differential selection based Inversely on size (for example, by preferential sequestration of larger drcular molecules or by a need to "see' an entire molecule in order to replicate it). It is noteworthy that preferential increases in the proportion of smaller supercoiled molecules have also been observed recently in dividing plant protoplast cells following transformation with two supercoiled plasmids of different size (35) .
Although we do not understand why smaller molecules are preferentially replicated, it nonetheless is dear that replication of circular molecules in early embryos depends on the number of molecules present (Figs. 3 and 4) and is not directly proportional to size.
